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The influence of free carriers on the ground state of the exciton at zero magnetic field in a
quasi-two-dimensional quantum well doped with electrons is considered in the framework of the
random phase approximation. The effects of the exciton-charge-density interaction and the inelastic
scattering processes due to the Hartree-Fock electron-electron exchange interaction are taken into
account. The effect of phase-space filling is considered using an approximate approach. The results
of the calculation are compared with the experimental data available.
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I. INTRODUCTION
The presence of free electrons in quasi-two-dimensional
semiconductor structures strongly alters their physical
characteristics. In optical investigations of these objects,
the photon excites a conduction electron – valence hole
pair. To understand the optical properties, it is crucially
important to take into account the interactions between
this pair and the free carriers.
At low and intermediate electron concentrations, the
Coulomb interaction between the electron and the hole
leads to formation of the bound exciton state. This
shrinks the observable band gap EG by the exciton bind-
ing energy EB. Similarly to degenerate 3D semicon-
ductors, the electron-electron interaction causes a static
screening of the electron-hole Coulomb potential. The
screening as well as the filling of phase-space up to the
Fermi energy leads to a strong decrease of the exciton
binding energy as free electron concentration increases.
At some concentration of free electrons the exciton bound
state disappears and the so-called Mahan exciton can be
expected. Considerable attention has been paid in the
literature to experimental and theoretical investigations
of the 2D-systems at high concentration of free carriers.
The theory of this phenomenon was developed in Ref.1
for the 3D crystal and in Ref.2–5 for 2D systems.
Experimental data6–10 give evidence that, within a rel-
atively narrow interval of free electron concentrations be-
low the metallic phase, the optical absorption band asso-
ciated with the bound exciton shifts and broadens, and
its oscillator strength decreases as carrier concentration
is increased. The dependence of these characteristics on
the electron concentration allows one to relate these pro-
cesses with exciton-electron interactions.
In addition, starting from very low concentrations
of free electrons in the quantum well, a bound trion
(negatively charged exciton) state11–14 is observed in
experiments6–10. The present article will not be con-
cerned with properties related to the trion state, but its
existence provides another channel for exciton-electron
interactions.
The observed broadening of the exciton line6–9 clearly
shows that not only static screening but also inelastic
dynamical processes should be considered for the expla-
nation of the exciton spectrum.
The exciton created by a photon has almost zero wave-
vector. Further interaction of the exciton with free elec-
trons followed by scattering of a conduction electron near
the Fermi level with p ≈ pF creates a conduction elec-
tron – conduction hole pair. This pair has an arbitrary
wave-vector of the center of mass motion q and an en-
ergy h¯2q2/2m+ h¯2pq/m which is the difference between
the conduction electron’s energy in the final and initial
states, (h¯2(p+ q)2/2m and h¯2p2/m, respectively).
The threshold energy of this excitation at q = 0 and
temperature T = 0 K is zero. Therefore, the lower
boundary of the continuum spectrum of the combined
excitation consisting of the free exciton plus an electron
– conduction hole pair coincides with the energy of the
free exciton. As a consequence, this inelastic scattering
process results in a homogeneously broadened absorption
spectrum with its maximum shifted toward high energies
with increasing free electron concentration.
The mechanism responsible for the creation of an elec-
tron – conduction hole pair can be either the Coulomb
interaction or the exchange interaction between the elec-
tron bound in the exciton and the free electrons. For the
negatively charged trion, which has two bound electrons
coupled in a spin singlet state, the Coulomb interaction
seems to be the only important mechanism of interaction
with free electrons15. In the case of the electrically neu-
tral exciton the strong cancellation of the electron and
valence hole self-energy corrections and vertex correction
decreases the role of the Coulomb interactions in the scat-
tering processes. This means that the Hartree-Fock ex-
change interaction between the electron belonging to the
exciton and a free electron should be considered as the
most probable reason for the broadening of the exciton
absorption band.
We consider in detail the behavior of the bound exciton
2absorption band as a function of free electron concentra-
tion in a quantum well doped by electrons at low and
intermediate concentrations, and we extrapolate the re-
sults up to the concentration at which the bound exciton
state disappears.
We will show in this paper that a second order ex-
change process strongly influences the bound exciton
state and the optical spectra of the doped quantum wells,
in addition to the nearly rigid band gap renormalization
produced by the first order Hartree-Fock exchange inter-
action. The second order process broadens the exciton
absorption band and shifts the energy of its maximum.
The paper is organized as follows. In Section II we for-
mulate the exciton equation in a quasi-two-dimensional
quantum well containing free electrons using the known
results for the 3D case. We take into account in this Sec-
tion the static screening of the Coulomb interaction and
the effect of phase-space filling. Section III is devoted to
the Hartree-Fock exchange interaction between the elec-
tron constituting the exciton and the free electrons. In
Section IV we describe the calculation of the absorption
coefficient as a function of the free electron concentration
and give a comparison with experimental data.
II. EXCITON IN A QUANTUM WELL
We consider only temperature T → 0 K assuming that
kBT is much less than the Fermi energy. Despite the
reduced dimensionality there exists a deep analogy with
the 3D Fermi systems in the methods of calculation of
multi-particle effects.
The exciton equation can be formulated by summing
the ladder diagrams for the exciton Green function sim-
ilarly to the procedure described by Mahan1. Accepting
this paper as a guide we present the exciton equation in
a quantum well with finite concentration of free electrons
as
− ∇
2
2µ
ψλ(−→ρ ) +
∫
d2ρ′V 2D(ρ′)K(−→ρ −−→ρ′ )ψ(−→ρ ) = (1)
= Eλψλ(−→ρ ),
where µ = memh/(me + mh) is the reduced mass of
the electron and valence hole, −→ρ is the two-dimensional
radius-vector between the electron and hole positions
in the exciton. V 2D(−→ρ ) is the quasi-two-dimensional
Coulomb potential at zero temperature (in the calcula-
tion of which the static screening should be taken into
account), and
K(ρ) = − 1
(2pi)2
∫
d2qˆ eiqˆ
−→ρ (1 −Θ(pˆF − qˆ)), (2)
where pˆF is the Fermi wave vector, Θ(pˆF − qˆ) is the
step-like theta-function, and (1−Θ(pˆF − qˆ)) is the Fermi
distribution function at zero temperature restricting the
integral region in two-dimensional reciprocal space to qˆ ≤
pˆF . We present K(ρ) as two items
K(ρ) = −δ(ρ) + 1
(2pi)2
∫
d2qˆ eiqˆ
−→ρ Θ(pˆF − qˆ). (3)
After substitution of Eq.(3) into Eq.(1) we obtain two
items for the exciton potential energy. The first item
is an attractive potential V 2D(−→ρ ) and the second is a
repulsive term that arises due to phase-space filling
δV 2D(ρ) =
1
(2pi)2
∫
d2qˆ
∫
d2
−→
ρ′ V 2D(ρ′)eiqˆ(
−→ρ −−→ρ′ )Θ(pˆF−qˆ)
(4)
The matrix element of this equation responsible for the
correction to the exciton energy is∫
d2−→ρ ψλ(−→ρ )δV 2D(ρ)ψλ(−→ρ ) = (5)
[
1
(2pi)2
]2 ∫
d2pˆ d2qˆ ψλ(pˆ)V
2D(qˆ)ψλ(|pˆ− qˆ|)Θ(pˆF − qˆ)
In further calculations we find the ground state energy
Eex of the Schro¨dinger equation
− ∇
2
2µ
ψλ(−→ρ ) + V 2D(ρ)ψ(−→ρ ) = Eexψex(−→ρ ), (6)
where V 2D(ρ) is the quasi-two dimension Coulomb po-
tential taking into account the static screening. Addi-
tionally, we should calculate the phase-space filling cor-
rection according to Eq.(5).
A. Coulomb potential in a quasi-two-dimensional
quantum well
The Coulomb and exchange interactions in a quantum
well should be transformed to take into account the fact
of the reduced dimensionality due to the confinement.
The effective Coulomb potential in the well depends
on the thickness and shape of the quantum well, and on
the concentration of free electrons.
We find the effective Coulomb potential assuming that
all the particles occupy their lowest confined state in a
quantum well with infinitely high barriers. In this case
the wave functions of all the particles can be character-
ized by the quantum well thickness L.
As the first step, we obtain an effective ”quasi-2D”
Coulomb potential without static screening V 2D0 (
−→ρ ) (see
Eq.(11) below)by using the Coulomb interaction in 3D
systems as a starting point, similarly to Ref. [15]. The
Coulomb Hamiltonian in a 3D system is
HCoul =
1
2
∑
i,j,σ,σ′
∫
d3rid
3rjVCoul(ri−rj)|ψσ(ri)|2|ψσ′(rj)|2,
(7)
3where σ denotes the spin quantum number, and
VCoul(r1 − r2) = ± 1
(2pi)3
∫
d3q
4pie2
εq2
exp(iq(r1 − r2)),
(8)
where ε is the static dielectric constant, and the ri,
i = 1, 2 are the radius-vectors of the two interacting par-
ticles. We may express the ri as coordinates in an arbi-
trary plane and perpendicular to this plane ri → (−→ρi , z)
and, similarly, components of the wave-vector q in the
reciprocal space are qˆ and qz. The signs ± are related
to the electron-electron and electron – valence band hole
interactions respectively. In writing Eq. (7) and below,
we are using CGS units.
We exclude the 3D motion in the perpendicular direc-
tion by calculating the matrix elements of exponentials
with wave-functions ψ(z) =
√
2/L cos(piz/L) assuming
that the wave functions of the exciton and conduction
electron – conduction hole pairs are completely confined
within the quantum well of thickness L restricted by infi-
nite barriers. The Coulomb vertex contains the product
of two matrix elements having the form
Mz,z = [exp(izqz]ψ(z),ψ(z) =
∞∏
k=2
[1−(qzL)2/(2pik)2]. (9)
The integral over qz∫ ∞
0
dqz
2pi
4pie2[Mz,z(qz)]
2
ε[qˆ2 + q2z ]
(10)
can be calculated numerically or represented with good
accuracy by the function [ 4e
2
εqˆ arctan
q˜L
qˆ ] where q˜L =
2pi/L˜ and
L
L˜
=
∫ ∞
0
Ldqz
2pi
[Mz,z(Lqz/2pi)]
2 ≃ 0.75.
As a result we can present the effective quasi-2D
Coulomb interaction without screening as
V 2D0 (qˆ) =
4e2
εqˆ
arctan
q˜L
qˆ
. (11)
The screened effective Coulomb potential in the ran-
dom phase approximation has the form
V 2D(qˆ) =
4e2 arctan q˜Lqˆ
qˆ ε(qˆ, 0)
(12)
where ε(qˆ, 0) is the real part of the dielectric function
that takes into account free electrons
ε(qˆ, 0) = ε
[
1− 4e
2
εqˆ
arctan
q˜L
qˆ
Reχ(qˆ, 0)
]
(13)
In the limit ω → 0 the real part of the dielectric sus-
ceptibility can be presented as
Reχ(qˆ, 0) = − m
∗
pih¯2
{1−Θ(qˆ−2pˆF )
√
1− (2pˆF/qˆ)2} (14)
And, finally, the screened effective Coulomb potential in
the random phase approximation is
V 2D(qˆ) =
4e2 arctan q˜Lqˆ
qˆ
× (15)
{
1 +
4
piqˆa0
arctan
qˆL
qˆ
{1−Θ(qˆ − 2pˆF )
√
1− (2pˆF /qˆ)2
}−1
,
where a0 = h¯
2ε/m∗e2 is the radius of the 3D donor state.
Screening in quasi-2D systems was considered in early
publications by using perturbation theory3. However,
new experimental data6,9 were interpreted as showing
that the exciton binding energy decreases very sharply
with an increase in the concentration of two-dimensional
electrons for CdTe quantum wells and for GaAs/AlGaAs
quantum wells10.
We have calculated the absolute value of the exciton
binding energy as a function of free electron concentra-
tion in the random phase approximation for 10 nm thick
CdTe quantum wells, of the type studied experimentally
in Refs. 6–9, assuming infinite-height barriers. The re-
sult is presented as Curve 1 in Fig.1a. The phase-space
filling correction of Eq.(5) is given in Fig.1a by Curve 2.
The parameters used in our calculations are presented in
Table I.
An effective Rydberg energy of EB = 18 meV for elec-
tron concentration of about 1010 cm−2 was estimated by
Teran et al9 from the energy distance between the ground
and first excited exciton states observed in their PLE
spectrum. Such a value of EB is obtained in our calcu-
lation at 109 cm−2 by using the parameters presented in
Table 1. We calculate the quasi-2D Rydberg at zero con-
centration to be 22 meV. This is twice the 3D value of 11
meV. The relatively strong decrease of the effective Ryd-
berg in the low concentration range from 0 to 109 cm−2
is explained by the strong screening of the Coulomb po-
tential at qˆ ≤ 1/a0 in the random phase approximation
as follows from Eq.(15).
From concentrations about 1010 cm−2, the phase-space
filling correction significantly decreases the binding en-
ergy. Extrapolating Curve 2 up to the point where it
crosses Curve 1 in Fig.1a, we can estimate the electron
concentration (≃ 3 · 1011 cm−2) above which the bound
exciton states should disappear.
The decrease of the exciton binding energy due to
screening and phase-filling correction is followed by de-
crease of its oscillator strength. At zero electron concen-
tration the exciton oscillator strength is proportional to
[
∫
d2qˆ/(2pi)2ψex(qˆ)]
2 = [ψex(ρ = 0)]
2 ∼ 1/a2ex where aex
is the effective exciton radius. For the oscillator strength
4at finite electron concentration we have
A(ne) =
[∫
d2qˆΘ(qˆ − pˆF )ψex(qˆ)
(2pi)2
]
ψex(ρ = 0). (16)
In this case two mechanisms decrease the oscillator
strength: the increase of the exciton radius and the
phase-space filling restriction. The major effect is the
increase of the exciton radius resulting from the decrease
of the exciton binding energy. We should mention that
some underestimation of the phase space filling at high
electron concentrations occurs in our calculation of the
exciton binding energy because we consider this effect as
a perturbation only.
III. HARTREE-FOCK EXCHANGE
CORRECTIONS
We should say that the inelastic 2D plasmon interac-
tion process due to Coulomb interaction with free elec-
trons is significantly weaker for the electro-neutral exci-
ton than for charged particles. This process does not give
a notable additional shift or broadening of the exciton
line, in contrast to its effects for uncorrelated electrons
and holes16 or for the charged trion15. For the exciton,
the cancellation of the electron and hole self-energy and
vertex corrections leads to a decrease of this interaction.
We will show that it is the Hartree-Fock exchange inter-
action that can describe the shift and broadening of the
exciton band.
The early calculations of the band gap renormalization
in quantum wells were done in Refs.17–19
It is convenient to illustrate the calculations of the
exchange self-energy corrections by Feynman diagrams
starting from the corrections to the single electron in-
teracting with the Fermi sea of electrons neglecting the
electron-valence-band hole exchange interaction for sim-
plicity.
We consider the first order self-energy correction to the
electron state due to Hartree-Fock exchange interaction,
presented in Fig.2(a), in the framework of the rigid shift
approximation, taking the external wave vector equal to
zero. This leads to a wavevector-independent shift of the
conduction band and, therefore, of the exciton states.
The diagram illustrating the second order correction
(Fig.2(b)) can be obtained, for instance, from the Feyn-
man diagrams in Fig. 37(b) of Ref.20 by breaking one of
Table I: Parameters used in calculations: electron and hole
effective masses, the binding energy of the 3D exciton in CdTe
E3Dex , the quantum well thickness tQW , the effective exciton
radius a3DB , and the static dielectric constant ε.
me mh E
3D
ex meV tQW A˚ a
3D
B A˚ ε
0.107m0 0.45m0 11.0 100 63 10.4
109 1010 1011
0.00
0.01
0.02
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Figure 1: (Color online) (a) Curve (1) presents the depen-
dence of the absolute value of the exciton binding energy on
the free electron concentration for a 10 nm wide CdTe quan-
tum well, taking into account only the static screening. Curve
(2) presents the repulsive phase-space filling correction de-
creasing the exciton binding energy, and Curve 3 is the abso-
lute value of the Fermi energy. (b) Curve (1) is the rigid shift
of the band gap EG corresponding to diagram (a) of Fig.2.
Curve (2) is the exciton binding energy with respect to EG as
a function of the electron concentration taking into account
the static screening and phase-space filling effects. Curve (3)
is the Fermi energy with respect to EG.
the electron lines. Taking into account that we are in-
terested in broadening of the exciton created by a k ≈ 0
photon, we put the value of the wave-vector of the renor-
malized particle equal to zero. The correction to the
exciton energy at zero wave-vector of the center of mass
is given in Fig.2(c). It can be seen that this diagram is
obtained by putting the self-energy diagram of Fig.2(b)
at Qˆ = 0 into the electron line of the exciton.
Finally, in order to describe the self-energy corrections
to the exciton state, we have to sum the series of multiple
scattering processes. In calculations of the exciton Green
function we consider only the ground state. This allows
us to transform the series into a geometrical progression.
Therefore, the major part of the problem is to calculate
the self-energy correction to the ground state.
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Figure 2: (a) Feynman diagram which describes the rigid shift
of the electron energies. (b) The second order exchange self-
energy correction to the electron state. (c) The second order
self-energy correction to the exciton state (double horizontal
line connected by the wavy Coulomb lines) due to exchange
interaction, obtained from diagram (b) at Q = 0. Solid lines
are the electron and hole Green functions, the wavy lines are
the exchange vertexes.
A. The Hartree-Fock exchange interaction
First of all we have to express the exchange self-energy
correction to the exciton through the 2D Coulomb-like
V (q)2Dexch Hamiltonian taken in the form
Hexch =
1
2
∑
i,j,σ 6=σ′
∫
d3rid
3rjVexch(ri − rj)×
ψσ(ri)ψσ(rj)
∗ψσ′(rj)ψσ′ (ri)
∗. (17)
where the diagram of Fig.2(a) contains the vertex
Vexch(r1 − r2) = − 1
(2pi)3
∫
d3q
4pie2
εq2
exp(iq(r1 − r2)).
(18)
The diagram of Fig.2(c) contains the vertex depending
on the wave-vector q and the similar vertex depending
on (p+ q).
The integrals over z1 and z2 for both diagrams we cal-
culate similarly to Eqs.(9,10). Then the first integral over
dqz gives the same expression as Eq.(11).
1. Rigid shift of the conduction band
This leads to a rigid shift of the conduction band states
δER
δER =
1
(2pi)2
∫
d2qˆ
2e2
εqˆ
arctan
q˜L
qˆ
. (19)
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Figure 3: (Color online) Broadening and shift of the normal-
ized to unity, spectral density of the exciton ground state
caused by the second order exchange interaction for ten elec-
tron concentrations in a 10 nm CdTe/CdMgTe quantum
well.The zero of energy corresponds to the exciton ground
state at zero temperature and zero electron concentration.
The ten electron concentrations expressed in 1010 cm−2 are
equal to 0.5, 1.0, 1.5, 2.5, 3.75, 5.0, 7.5, 10.0, 15.0, and 25.0.
Approximately, the dependence of this equation on the
electron concentration is
√
ne. The result of the numer-
ical calculation of the band edge shift is presented in
Fig.1b by Curve (1). The exciton binding energy with
respect to the shifted band edge is presented in Fig.1(b)
by Curve (2).
2. Shift and broadening of the exciton band due to the
second order correction
The expression corresponding to the diagram of
Fig.2(c) contains two matrix elements over the internal
wave function of the ground state exciton. The first of
them has the form
M11(qˆ) =
∫
d2ρ|ψ1(ρ)|2 exp(iqˆρ) = (20)
{
1
[1 + (qˆaB/2)2]3/2
}
and a similar equation can be written for M11(|qˆ + pˆ|).
The structure of the exchange loop in Fig.2(c)
P exchqˆ (h¯ω) differs from the Coulomb contribution
15 and
has the form
P exchqˆ (h¯ω) =
∫
d2qˆ
(2pi)2
4e2
εqˆ
arctan
q˜L
qˆ
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Figure 4: (Color online) Spectral density of the exciton
ground state for a 10 nm CdTe/CdMgTe quantum well pa-
rameters at increasing electron concentration. The zero of
energy corresponds to the exciton ground state at zero tem-
perature and electron concentration equal to 0.5 · 1010 cm−2.
As compared to Fig. 3, the threshold energy of each exci-
ton band is shifted upwards : Here, in addition to the second
order shift and broadening due to exchange interaction, the
static screening, the first-order rigid shift due to exchange in-
teraction, the phase-space filling effect, and the decrease of
the oscillator strength are all taken into account. The ten
electron concentrations expressed in units of 1010 cm−2 are
equal to 0.5, 1.0, 1.5, 2.5, 3.75, 5.0, 7.5, 10.0, 15.0, and 25.0.
∫ ∞
0
dq1z
2pi
4pie2M2zz(q
1
z)Pexchqˆ,q1
z
(h¯ω), (21)
where the variable q1z = (p + q)z is introduced. The
function Pexch
qˆ,q1
z
(h¯ω) is
Pexchqˆ,q1
z
(h¯ω) = (22)
−
∫
d2p
2pi
M11(qˆ)M11(|qˆ + pˆ|)
ε|qˆ+ pˆ|2 + (q1z)2
η(p,p+ q, h¯ω).
and
η(pˆ, pˆ+ qˆ, h¯ω) = (23)
{
1
h¯ω + iδ − ωpˆqˆ −
1
h¯ω + iδ + ωpˆqˆ
}
.
We have neglected the exciton kinetic energy in the
final state (recoil effect) which is small compared to the
energy of the electron-conduction hole pair.
The wave-vector dependence of both matrix elements
Mex(qˆ) and Mex(|qˆ + pˆ|) arises at values of the order
of the reciprocal Bohr radius of the exciton 1/a2DB . We
will assume this quantity to be essentially larger than the
Fermi wave-vector pF which is the characteristic value for
pˆ. Therefore, we approximate the product of these ma-
trix elements by the expression Mex(qˆ)Mex(|qˆ + pˆ|) ≈
Mex(qˆ)2. Taking into account that the integral over dq1z
is restricted by q1z ≈ qL = 2pi/L we take the function
Pexchqˆ,q1
z
(h¯ω) out of the integral of Eq.(24) at q1z = qL. Af-
ter these simplifications the integral over dq1z gives L˜
−1
and the remaining integral over d2p in Eq.(22) can be
calculated analytically.
Finally, we obtain the exciton self-energy correction
due to exchange interaction in the form
δEex(h¯ω) =
1
(2pi)2
∫
d2qˆ
[
4e2Mex(qˆ)2
εqˆ
arctan
q˜L
qˆ
]
×
(24)
∫
d2pˆ
e2
εL˜[|qˆ+ pˆ|2 + (qL)2]
η(pˆ, pˆ+ qˆ, h¯ω).
The broadening of the exciton absorption band and
the upward shift of its peak with respect to the exciton
line at zero electron concentration, resulting from this
correction, are shown in Fig.3 for a set of ten electron
concentrations ranging up to ne = 2.5 · 1011 cm−2. The
absorption curves have the form:
α(ω) ∼ Γ(ω)
(h¯ω − Eex(ne = 0)−∆(ω))2 + Γ2(ω) , (25)
where Γ(ω) and ∆(ω) are the imaginary and real parts
of the exciton self-energy correction of Eq.(24). For con-
venience the absorption band profiles are normalized to
unity in Fig.3. We see that the values of the upward
shifts are comparable with the effect of the rigid down-
ward shift due to the first order exchange interaction in
Fig.1b.
In Fig. 4 we present the transformed spectra of Fig.3
after the first-order rigid shift due to exchange interac-
tion, the phase-space filling effect, as well as the decrease
of the oscillator strength are all taken into account. The
shape of the exciton absorption band can be represented
in this case as
α(ω) = 2A(ne)
Γ(ω)
(h¯ω − Eex(ne)−∆(ω))2 + Γ2(ω) , (26)
where A(ne) is given by Eq.(16). The position of the
exciton ground state at zero temperature and electron
concentration equal to 0.5 · 1010 cm−2 is taken as the
point of reference.
The parameters used in our calculations are presented
in Table I.
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Figure 5: (Color online) Curves (1-4) are the experimental
data on absorption of a 10 nm CdTe(0.3%Mn) single quantum
well in zero magnetic field at different free electron concen-
trations. A resonance peak (T) corresponds to creation of the
singlet trion appearing below the exciton resonance (X). Solid
curves are the calculated exciton line profiles at free electron
densities of 1.5, 3.75, 7.5, and 15.0 1010 cm−2. The dashed
curve is a background added to the calculated spectra.
IV. COMPARISON WITH EXPERIMENTAL
DATA
We have compared the above theory with optical ab-
sorption data at 2K for a 10 nm CdTe/CdMgTe single
quantum well at zero magnetic field. This sample was
grown by Molecular Beam epitaxy on a CdTe0.88Zn0.12Te
substrate. The alloy substrate is transparent to about
1640 meV, allowing direct measurements of the optical
transmission spectrum in the energy region (1610-1630
meV) of the heavy-hole exciton in the CdTe quantum
well. Also, the substrate imposes a large biaxial strain
on the CdTe well layer, splitting off light-hole transitions
to high energies, which simplifies the optical spectrum.
The upper CdMgTe barrier was doped with donors so as
to give ne = 1.5 · 1011 cm−2 in the well in equilibrium.21
Optical data for this sample were provided by Ronald
Cox of Ne´el Institute. During the optical transmission
measurements, done using a tungsten lamp source, the
electron concentration could be varied down to a low
value by pumping the sample with blue laser light. The
precise dependence of ne on pumping light intensity was
not known but the minimum concentration was estimated
to be in the range (0.2− 0.4) · 1011 cm−2 as judged from
the intensity of the X− (trion) resonance.
For comparison with this experimental data we will
use spectra of Fig.4 fitting the absolute exciton energy.
Results are presented in Fig.5. As it is seen, the shift of
the exciton maximum agrees well with experimental data
if we take the electron concentration for the lowest band
equal to 1.5 · 1010cm−2 and for the highest one to 1.5 ·
1011cm−2. The lowest value appears to be slightly less
than the value estimated in experiment (2−4 ·1010cm−2)
while the upper value agrees well with experimental data.
However, the experimental broadening values exceed
notably the calculated values for all the samples. This
may be attributed to the existence of some additional
broadening mechanism which was not taken into account
in our calculations.
The existence of an additional mechanism of exciton
state decay might be assumed because the ground exciton
state is not the lowest bound state in the presence of the
Fermi sea. At least the trion state might serve as such
a state. Another reason for the deviation could be the
forced simplifications admitted in our calculations.
Conclusion
The shift and broadening of the exciton absorption
bands in CdTe/CdMgTe quantum wells as a function
of the free carrier concentration at zero magnetic field
is investigated. It is shown that the exciton’s shift and
broadening behavior is related to the Hartree-Fock ex-
change interaction between the electron bound to the va-
lence band hole and the free carriers. This is in contrast
to the case of the charged trion, where it is the Coulomb
interaction with the free electrons that plays the lead-
ing role. The calculations performed have shown that
reasonable agreement can be obtained with experimental
data.
We wish to thank Dr. R. Cox for the experimental
data used in the paper and for many helpful discussions.
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